Apoptotic cell death can be initiated by extrinsic (receptormediated) or intrinsic (organelle-mediated) signalling pathways that induce death-associated proteolytic and/or nucleolytic activities. 1 The intrinsic pathway of apoptosis involves suicidal signalling programs triggered by intracellular organelles when their internal homeostasis is disrupted. Until now, such an apoptogenic activity has been ascribed to the nucleus, mitochondrion and cell membrane. [1] [2] [3] Recently, it has been shown that disturbances in endoplasmic reticulum (ER) homeostasis lead to an evolutionarily conserved cell response (unfolded protein response or ER stress), which also eventually triggers apoptosis. 4 ER homeostasis can be disrupted by numerous factors, including accumulation of unfolded and misfolded proteins, calcium depletion, glucose deprivation, accumulation of free cholesterol and viral infection. 5, 6 It is believed that the primary biological goal of the ER stress response is not to induce apoptosis, but to re-establish normal function of the ER. At the molecular level, this response involves translational repression, increased folding capacity of the ER and degradation of improperly folded proteins. 4 These effects are mediated by numerous components of ER stress signalling, including activating transcription factor-6 (ATF6), inositol-requiring ER-to-nucleus signal kinase-1a (IRE1a) and PRK (RNA-dependent protein kinase)-like ER kinase (PERK). ATF6 is a transmembrane protein that is cleaved from the ER membrane and translocates to the nucleus during ER stress. Cleaved ATF6 binds to the promoter of genes that encode proteins involved in restoration of ER homeostasis. Activation of IRE1a results in processing of mRNA that encodes another transcription factor, X-boxbinding protein-1 (XBP-1). This leads to accumulation of the active XBP-1 protein, which has a similar role to ATF6. In parallel, ER stress activates PERK, which phosphorylates eukaryotic translation initiation factor-2a (eIF2a), resulting in downregulation of the biosynthetic load of the ER by inhibiting protein synthesis and inducing activating transcription factor (ATF4) translation. 4 All three arms of ER stress-signalling system are capable of inducing transcription of growth arrestand DNA damage-inducible gene 153/C/EBP homologous protein (GADD153/CHOP), a powerful transcription factor that plays a pivotal role in ER stress response. 7 However, if ER dysfunction is severe or prolonged, these compensatory mechanisms fail and ER stress induces an apoptogenic program. ER stress-induced apoptosis is an essential step in the pathogenesis of neurodegenerative diseases, atherosclerosis, obesity and certain forms of diabetes, 5, 8, 9 and its inhibition seems to be an attractive therapeutic target. On the other hand, induction of ER stress in rapidly dividing and biochemically active cancer cells represents an alternative approach that can be used for cessation of tumor progression and metastasis. 10 Insulin-like growth factor-I (IGF-I) plays a crucial role in regulation of cell survival, proliferation, differentiation and metabolism. 11, 12 The biological effects of IGF-I are mediated via IGF-I receptor (IGF-IR), which belongs to the family of receptor tyrosine kinases. Upon ligand binding and receptor autophosphorylation, the IGF-IR eventually activates two principal signalling pathways, the mitogen-activated protein kinase (MAPK) pathway and the phosphatidylinositol-triphosphate kinase (PI3K) pathway. 13, 14 IGF-I-mediated signal transduction through MAPK pathway results in activation of extracellular signal-regulated kinases 1 and 2 (ERK1/2). 15 Other terminal MAP kinases, such as c-Jun N-terminal kinase (JNK) and p38 kinase, are primarily activated by environmental stressors, but several lines of evidence suggest that they can also be activated in response to IGF-I. [16] [17] [18] Although PI3K pathway plays a major role in insulin-and IGF-I-induced cell survival, 19 the MAPK signalling pathway also underlies the antiapoptotic effect of IGF-I in some cell types and with certain apoptosis-inducing stimuli. 15, 17, 18, 20 This study focuses on the role of IGF-I in ER stress. We demonstrate that ER stress-induced apoptosis can be rapidly induced in normal and malignant cell types, and that IGF-I is a powerful factor that protects cells from the lethal consequences of ER stress. Moreover, we show that ER stress signalling pathways, which mediate the adaptive stress response, are markedly enhanced by IGF-I. Finally, we demonstrate that during ER stress, IGF-I does not exert its antiapoptotic activity through its canonical signal transduction pathways.
Results
ER stress-induced apoptosis is markedly and rapidly induced in human MCF-7 breast cancer cells and mouse NIH/3T3 fibroblasts. ER stress was induced in cultured cells using thapsigargin (sarcoendoplasmic reticulum calcium ATPase (SERCA) inhibitor, 1 mM), tunicamycin (inhibitor of N-linked glycosylation, 5 mg/ml), dithiothreitol (disruptor of disulfide bonds, 1 mmol/l), brefeldin A (Golgi disruptor, 5 mg/ml) and epoxomicin (inhibitor of proteasomal degradation, 1 mM). MCF-7, PC-3 and NIH/3T3 cells were treated in the presence or absence of ER stress inducers for 24 h. Cleaved poly-(ADP ribose)-polymerase (PARP) is considered an early marker of apoptosis. Most ER stress inducers caused marked apoptosis in human mammary carcinoma MCF-7 cells and mouse NIH/3T3 fibroblasts, whereas human prostate PC-3 carcinoma cells were considerably less sensitive to ER-stress-induced apoptosis. In both MCF-7 and NIH/3T3 cells, thapsigargin demonstrated the most prominent apoptogenic effect (Figure 1a ).
Estradiol does not inhibit ER stress-induced apoptosis. Treatment with thapsigargin for 3 h resulted in marked apoptosis in MCF-7 cells. Since estrogens are important factors for growth and survival of normal and transformed mammary epithelial cells, we studied the effect of b-estradiol on thapsigargin-induced apoptosis in estrogen receptor-positive mammary carcinoma MCF-7 cells. Addition of b-estradiol (10 nM) did not protect from ER stress-induced apoptosis (Figure 1b) . The biological activity of b-estradiol was confirmed by western blot analysis, which demonstrated that estradiol (10 nM) was capable of inducing phosphorylation of ERK1/2 and Akt in MCF-7 cells (data not shown).
IGF-I protects from ER stress-induced apoptosis. In contrast to estradiol, IGF-I demonstrated powerful antiapoptotic activity (Figure 1c) . In MCF-7 cells, IGF-I abrogated the apoptogenic effect of thapsigargin at early time points (3-12 h) ( Figure 1c ). Tunicamycin-induced apoptosis was also prevented by IGF-I in MCF-7 cells (data not shown). However, at later time points (24 h), the antiapoptotic effect of IGF-I was less prominent, even when a relatively low concentration of thapsigargin (100 nM) was used ( Figure 1d) . A similar time course of the antiapoptotic activity of IGF-I during thapsigargin-and tunicamycininduced apoptosis was observed in mouse NIH/3T3 fibroblasts (data not shown). Since PARP can also be cleaved during necrosis, an alternative, and more specific technique, was employed. In both MCF-7 and NIH/3T3 cells, apoptosis was evaluated by Cell Death Detection ELISA, which determined the level of histone-associated DNA in the cytosolic fraction of cells treated with thapsigargin in the presence or absence of IGF-I. This approach also identified IGF-I as a powerful protector against thapsigargin-induced apoptosis in both cell types (Figure 1e ).
IGF-I potentiates adaptive mechanisms via enhancement of the ER stress signalling system. During ER stress, an adequate adaptive response mediated by the unique ER stress signalling system is a major factor in the recovery of ER homeostasis and prevention of apoptosis. 21, 22 To evaluate whether IGF-I regulates this adaptive response, we exposed MCF-7 cells to thapsigargin in the presence or absence of IGF-I. ER-stress signalling is initiated by three sensors of ER homeostasis, including PERK, IRE1a and ATF6. Upon activation, these molecules activate downstream transcription factors that induce expression of genes involved in restoring ER function. The downstream transcription factor GADD153/CHOP is a convergence point for the three arms of ER-stress signal transduction. 7 In both MCF-7 cells and NIH/3T3 fibroblasts, GADD153/CHOP was induced by thapsigargin (1000 nM) in a time-dependent manner, with maximum effect at 12 h (Figure 2a) . Addition of IGF-I to thapsigargin-treated cultures significantly increased GADD153/CHOP protein levels. Treatment with IGF-I alone, however, did not result in GADD153/CHOP induction in MCF-7 cells, whereas in NIH/ 3T3 fibroblasts GADD153/CHOP expression was weakly induced in a time-dependent manner (Figure 2b ). To investigate whether GADD153/CHOP deletion protects from apoptosis induced by thapsigargin, we used SV40 Tantigen-immortalized fibroblasts derived from wild type and GADD153/CHOP-knockout mouse embryos. Our results demonstrate that only tunicamycin-induced apoptosis was attenuated in GADD153/CHOP-deficient cells (Figure 2c ). The rate of thapsigargin-induced apoptosis was the same in wild-type and GADD153/CHOP-knockout MEFs. To identify the mechanism that is involved in IGF-I-mediated potentiation of GADD153/CHOP expression, we studied the effect of IGF-I on the IRE1a, ATF6 and PERK pathways activated by ER stress in MCF-7 cells (Figures 3 and 4) and NIH/3T3 fibroblasts ( Figure 5 ). IRE1a is an ER-resident transmembrane protein kinase whose activity is regulated by autophosphorylation. In mammalian cells, IRE1a activation is required for expression of the active form of XBP-1, a transcription factor that plays an important role in recovery from ER stress. 21, 22 Our data demonstrate that during thapsigargin-induced ER stress, IGF-I potentiates IRE1a phosphorylation (Figures 3a and 5a ), stimulates splicing of XBP-1 mRNA and leads to accumulation of active XBP-1 in the cell and nucleus (Figures 3b and 5a) . Purity of nuclear extracts was demonstrated by western blot analysis with anti-PARP antibodies (Figure 3d) . We further explored the activity of the ATF6 pathway, a second arm of ER stress-signalling system. ATF6 is an ER-resident transmembrane protein, which undergoes a complex cleavage in the ER and Golgi apparatus during ER stress and eventually translocates to the nucleus where it regulates expression of multiple genes involved in the restoration of ER's function. 21, 22 The addition of IGF-I to thapsigargin-treated cells results in significant accumulation of cleaved ATF6 in the nucleus (Figures 3c and  5b ). PERK is another ER-resident protein kinase, which initiates the third signalling pathway implicated in ER stress and is also activated by autophosphorylation. Active PERK is known to phosphorylate, and thereby inactivate, eIF2a, eventually leading to a global translational repression followed by induction of ATF4 translation. 21, 22 During thapsigargininduced ER stress, IGF-I significantly enhances PERK phosphorylation (Figures 4a and 5a) and increases cellular and nuclear levels of ATF4 (Figures 4b and 5b ). In contrast, eIF2a phosphorylation decreases after addition of IGF-I (Figures 4a and 5a ). Dephosphorylation of eIF2a is controlled by the ER stress-inducible gene Gadd34, which encodes a regulatory protein that recruits and activates the catalytic subunit of PP1c. The activation of this cellular phosphatase represents a negative feedback loop, which dephosphorylates eIF2a and provides recovery from ER stress-induced translational repression. 21, 22 ER stress-signalling pathways activate GADD153/CHOP, 7 which directly induces GADD34 gene expression. 23 Our data suggest that IGF-I-induced reduction of eIF2a phosphorylation might be mediated by GADD34 (growth arrest-and DNA damage-inducible gene) ( Figure 5a ). Furthermore, abundance of GADD34 correlates with the kinetics of eIF2a dephosphorylation. Therefore, during thapsigargin-induced ER stress, IGF-I potentiates eIF2a phosphatase activity by enhancing GADD34 expression that mediates faster recovery from translational repression. Taken together, these data imply that during ER stress, IGF-I augments ER stress signalling systems, including IRE1a, ATF6 and PERK pathways. T-antigen-immortalized GADD153/CHOP þ / þ and GADD153/CHOPÀ/À mouse embryo fibroblasts were incubated in serum-free medium in the presence of thapsigargin (1 mM) or tunicamycin (5 mg/ml) for 24 h. Control cultures were maintained in serum-free medium. Proteins (25 mg) extracted from whole-cell lysates were size-fractionated by SDS-PAGE and immunoblotted with anti-GADD153/CHOP (a, b) and anti-PARP (c) antibodies. Equal loading of proteins was demonstrated by immunoblotting with an antibody directed against b-actin. The experiments were replicated three times and representative autoradiographs are presented. The results of densitometric analysis are presented as a fold change compared with untreated cells. Statistically significant difference is presented as follows: Po0.05 versus untreated (*) or thapsigargin-treated (#) cultures (Student's t-test). In the last experiment, the difference in the rate of PARP cleavage was compared with the respective untreated (*) and thapsigragin-or tunicamycin-treated
Ablation of individual components of the ER stress signalling system does not alter the antiapoptotic activity of IGF-I. To elucidate the role of individual components of the ER stress-signalling system in the antiapoptotic activity of IGF-I during ER stress, we employed immortalized mouse embryo fibroblasts with genetic ablation of PERK, ATF4, ATF6a, ATF6b, IRE1a/b and XBP1. The results of these experiments demonstrate that abrogation of the PERK/ATF4 and ATF6 signalling results in enhancement of thapsigargin-induced apoptosis, whereas blockade of IRE1/XBP1 pathway attenuates apoptosis, suggesting an antiapoptotic function of PERK/ ATF4 and ATF6 pathways during ER stress ( Figure 6 ).
However, ablation of individual components of the ER stresssignalling system does not affect the protective activity of IGF-I. It is known that expression of some genes induced by ER stress can be equally induced by PERK/ATF4, IRE1/ XBP1 and ATF6 pathways. Therefore, it is conceivable that blockade of individual components of ER stress-signalling system is compensated for by alternate pathways, implying high plasticity of the ER-stress pathways.
IGF-I increases cellular pool of Grp78/BiP and improves the chaperone reserve. The induction of genes encoding molecular chaperones is part of ER-stress recovery program. ER-resident molecular chaperones facilitate protein folding Grp78/BiP is one of the key HSP70-class molecular chaperones. In addition, Grp78/BiP sequesters the luminal domains of IRE1, ATF6 and PERK, and blocks the active sites of these molecules. 21, 22 Upon induction of ER stress, Grp78/BiP is released into the ER lumen, resulting in activation of IRE1-, ATF6-and PERK-signalling pathways. In turn, active XBP-1 and ATF-6 positively regulate Grp78/ BiP gene expression. 4 Our data demonstrate that induction of ER stress by thapsigargin is accompanied by an increase in the cellular pool of Grp78/BiP. Furthermore, addition of IGF-I markedly increases Grp78/BiP mRNA and protein levels, thereby improving the chaperone reserve and interfering with the first steps of ER-stress signal transduction (Figures 4c and 5a ).
Protective effect of IGF-I against ER stress-induced apoptosis is not mediated by its canonical signalling pathways and does not require de novo protein biosynthesis. To determine which signalling pathways mediate the antiapoptotic activity of IGF-I during ER stressinduced apoptosis, MCF-7 and NIH/3T3 cells were preincubated with inhibitors of MAPK/ERK kinase (MEK), p38 kinase, JNK and PI3K for 12 h prior to addition of thapsigargin with or without IGF-I. The blockade of any individual enzyme alone did not abrogate the antiapoptotic activity of IGF-I during thapsigargin-induced apoptosis in MCF-7 and NIH/3T3 cells (Figure 7a and b) . Since inhibition of a single signalling pathway may result in hyperactivation of alternative pathway(s), we employed a combinatorial blockade of PI3K and MAPK pathways as well (Figure 7c the biological effects of IGF-I may be mediated by noncanonical signalling intermediates such as G protein, protein kinase C and signal transducer and activator of transcription-3 (STAT3), we also addressed the role of these molecules in the antiapoptotic activity of IGF-I during ER stress. For this purpose, MCF-7 were preincubated with H-89, a specific protein kinase A (PKA) inhibitor, U73122, which inhibits activation of classical protein kinase C (PKC) isoforms by blocking phospholipase C, staurosporine, which is a broadspectrum PKC inhibitor, and Stattic, a specific STAT3 inhibitor. None of these compounds, however, affected the antiapoptotic activity of IGF-I during thapsigargin-induced Figure 6 PERKÀ/À, ATF4À/À (a), IRE1a/bÀ/À, XBP1À/À, tet-off-XBP1s (b), iATF6a and iATF6b (knockdown) (c) mouse embryo fibroblasts were incubated with thapsigargin (1 mM) and/or IGF-I (10 nM) for 8 h. To block XBP1 induction, tet-off-XBP1s cells and respective wild-type controls were cultured in medium containing doxycycline (1 mg/ml). Control cultures were maintained in serum-free medium. Proteins (25 mg) extracted from whole-cell lysates were size-fractionated by SDS-PAGE and immunoblotted with anti-PARP antibodies. Apoptosis was evaluated by PARP cleavage. Equal loading of proteins was demonstrated by immunoblotting with an antibody directed against b-actin. The experiment was replicated three times and representative autoradiographs are presented. Statistically significant difference is represented as follows: Po0.05 versus control (*), thapsigargin-treated (#) cultures; thapsigargin-treated mutant cells versus thapsigargin-treated wild-type cells (
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apoptosis in MCF-7 cells (data not shown), suggesting that IGF-I protects cells against ER stress-induced apoptosis through a novel, unidentified pathway. To determine whether the protective effect of IGF-I during ER stress is mediated by proteins synthesized de novo, we blocked protein biosynthesis by cycloheximide. Our results demonstrate that both MCF-7 cells and NIH/3T3 fibroblasts were rescued by IGF-I after preincubation with cycloheximide (Figure 7e-f) . Taken together, these data imply that the antiapoptotic effect of IGF-I does not require de novo protein synthesis, and most likely is mediated by posttranslational modifications of target proteins. Importantly, western blot analysis confirmed the specificity and inhibitory activity of the pharmacological blockers at the concentrations used in the present work (data not shown).
Discussion
The present study identifies IGF-I as a potent protective factor against ER stress-induced apoptosis in both MCF-7 cells and NIH/3T3 fibroblasts. The antiapoptotic activity of IGF-I has been ascribed to multiple signal transduction pathways.
24,25
The PI3K pathway is considered a major intracellular route that mediates the antiapoptotic activity of IGF-I, but MAPK (ERK1/2, JNK and p38 kinase) pathways are implicated as well. 24 It has been demonstrated previously that protection against ER stress-induced apoptosis is mediated, at least in part, by the PI3K/Akt/glycogen synthase-3b pathway. [26] [27] [28] [29] In MCF-7 and NIH/3T3 cells, however, selective inactivation of the PI3K, ERK1/2, JNK or p38 kinase pathway is not sufficient to block the protective effect of IGF-I during ER stress. The antiapoptotic activities of PI3K and MAPK pathways often involve identical molecular targets. 24 Therefore, it is conceivable that inhibition of a single signalling pathway may result in hyperactivation of alternative pathway(s). For instance, activity of the proapoptotic protein Bad can be blocked by IGF-I through phosphorylation of several serine residues. In the murine hemopoietic 32D cell line, serine phosphorylation of Bad can be mediated by multiple signalling pathways. The main antiapoptotic pathway of the IGF-IR in these cells is a well-characterized IRS-1/PI3K/Akt pathway. However, in the absence of IRS-1, the IGF-IR uses at least two alternative pathways. One of them is the MAPK pathway, and the second is a unique pathway involving 14-3-3-mediated mitochondrial translocation of Raf-1. 30 Our data demonstrate that the simultaneous inhibition of PI3K or Akt and MEK or JNK in both MCF-7 cells and NIH/3T3 fibroblasts, does not abrogate or attenuate the antiapoptotic activity of IGF-I during ER stress, implying plasticity of the known antiapoptotic pathways or activation of other unidentified 
Figure 7 Continued
IGF-I and ER stress-induced apoptosispathway(s). It has previously been demonstrated that in certain cellular contexts IGF-I can transduce intracellular signal through some non-canonical signalling pathways. For instance, it has been reported that IGF-I induces phosphorylation and activation of JAK-1 and JAK-2, and JAK-1 physically interacts with the phosphorylated IGF-IR, 31 and STAT3 is an important mediator of IGF-I-mediated signal transduction. 32 In line with these data, our results demonstrate that in both MCF-7 and NIH/3T3 fibroblasts IGF-I is potent inducer of STAT3 phosphorylation. Moreover, in primary cortical neurons, the JAK/STAT pathway mediates IGF-I-dependent cell survival, and the tyrphostin AG490, a specific JAK inhibitor, abrogates the antiapoptotic effect of IGF-I. 33 The G-protein/adenylyl cyclase/PKA pathway may underlie the IGF-I-mediated antiapoptotic activity as well. It has been shown that in certain cell types, including NIH/3T3 fibroblasts, the IGF-IR is coupled with certain types of Gproteins and receptor activation leads to a biologically significant dissociation of G-protein subunits. 34 Furthermore, the PKA pathway is involved in protection of pancreatic b-cells from ER stress mediated by GLP-1R agonists. 35 Finally, IGF-I-mediated antiapoptotic activity during serum starvation suggests involvement of PKC-dependent and MAPK-and PI3K-independent survival pathway(s). 36 Nevertheless, results of the present study demonstrate that none of the aforementioned pathways mediate the antiapoptotic activity of IGF-I during ER stress. Taken together, these data suggest that a novel pathway(s) is responsible for this biological activity of IGF-I, extending the concept of the IGF-IR as a receptor with a multifaceted signal transduction.
ER stress is accompanied by development of apoptosis only when compensatory mechanisms fail to restore homeostasis in the ER. This adaptive response is initiated by molecular sensors of ER homeostasis, including IRE1a, PERK and ATF6, each of which is capable of transducing a protective signal. Under normal conditions, activity of these proteins is blocked due to Grp78/BiP-mediated sequestration of active sites of their molecules. When ER homeostasis is disturbed, Grp78/BiP is released and IRE1, PERK and ATF6 signalling pathways are activated. 4 All three arms of the ER stress-signalling system are capable of inducing GADD153/ CHOP expression. 7 Addition of IGF-I to thapsigargin-treated cells significantly potentiates IRE1a phosphorylation, which results in elevated intracellular and nuclear levels of XBP-1. IGF-I also enhances accumulation of cleaved ATF6 in the nucleus.
The complex effect of IGF-I on the PERK/eIF2a/ATF4 pathway demonstrates the mechanism whereby the ER transiently shifts from its normal load of secretory proteins toward biosynthesis of stress proteins, thus enhancing the entire folding capacity of the ER. In both MCF-7 and NIH/3T3 cells, PERK phosphorylation and ATF4 levels increase in response to IGF-I, whereas the level of eIF2a phosphorylation decreases. One of the downstream targets of ATF4 is GADD34, which regulates dephosphorylation of eIF2a. GADD34-induced eIF2a dephosphorylation, which is markedly enhanced by IGF-I during ER stress, results in restoration of eIF2a activity. Therefore, it is conceivable that this negative feedback mechanism is stimulated by IGF-I in order to promote translation of chaperone-encoding mRNAs during ER stress. This hypothesis is supported by our data, which demonstrate that during ER stress, IGF-I significantly increases gene expression and protein levels of Grp78/BiP, a key ER-resident chaperone protein.
The expression of GADD153/CHOP is also significantly increased in the presence of IGF-I. Remarkably, IGF-I alone does not induce GADD153/CHOP synthesis in MCF-7 cells, whereas in NIH/3T3 fibroblasts GADD153/CHOP expression is weakly stimulated by IGF-I in a time-dependent manner. These results are consistent with previously published data that identify IGF-I as a positive regulator of GADD153/CHOP expression in mouse AKR-2B and NIH/3T3 fibroblasts.
37
GADD153/CHOP is considered a key effector of ER stressinduced apoptosis, but a mechanistic link between GADD153/ CHOP and cell death has not been identified. Cells deficient in GADD153/CHOP demonstrate resistance to apoptosis induced by tunicamycin and lipopolysaccharide. 7, 23 It is believed that this protein functions as a transcriptional repressor of some antiapoptotic genes, including BCL-2. However, transcriptional profiling failed to prove that GADD153/CHOP regulates major apoptosis-related genes. 23 In fact, the major genes regulated by GADD153/CHOP (ERO1a, GADD34 and WFS1) mediate an adaptive response rather than inducing apoptosis. Moreover, in certain cellular contexts, GADD153/CHOP demonstrates antiapoptotic activity. For instance, in murine models of Pelizaeus-Merzbacher leukodystrophy, a neurodegenerative disease causing diffuse hypomyelination of the central nervous system, GADD153/ CHOP exhibits antiapoptotic activity. 38 Similarly, incretin hormones, which promote survival of pancreatic b-cells, also induce GADD153/CHOP expression. 35 These data suggest that GADD153/CHOP can either promote or inhibit apoptosis. This speculation is further supported by the present study, which demonstrates that SV40 T-antigen-immortalized GADD153/CHOP-deficient mouse embryo fibroblasts are more resistant to apoptosis induced by tunicamycin, whereas sensitivity to thapsigargin-induced cell death is comparable between wild-type and GADD153/CHOPÀ/À cells. This implies that ER stress induced by different stimuli does not necessarily share the same signalling pathways, and function of certain signalling components can be different depending on the nature of ER stress.
In conclusion, the present study demonstrates that IGF-I is a powerful factor that protects cells from ER stress-induced apoptosis. We believe that the mechanism underlying this phenomenon is stimulation of a compensatory response through a global enhancement of the adaptive capacity of the ER (Figure 8 ). The signal transduction pathways that are normally used by the IGF-IR do not mediate this biological effect of IGF-I, but other signalling pathways may play a role. Antibodies. The following antibodies and sera were purchased from commercial sources as indicated: rabbit polyclonal antisera against ATF4 (C-20), ATF6a (H-280), GADD153/CHOP (R20), phospho-PERK (Thr981), XBP-1 (M-186) (Santa Cruz Biotechnology); rabbit polyclonal antisera against phospho-eIF2a (Ser51), PARP (Cell Signalling, Beverly, MA, USA); mouse monoclonal antibody raised against GAPDH (RDI, Concord, MA, USA); rabbit polyclonal antiserum against Grp78/BiP (ET-21) and mouse monoclonal antibody raised against b-actin (clone AC-15) (Sigma-Aldrich) and secondary peroxidase-conjugated antibodies (GE Healthcare Piscataway). Rabbit polyclonal antiserum against phospho-IRE1a (Ser724) was generously donated by Dr Fumihiko Urano (Worcester, MA, USA). Cell cultures and treatment. Human mammary carcinoma MCF-7, human prostate carcinoma PC-3 cells and mouse NIH/3T3 fibroblasts were obtained from American Type Culture Collection (Manassas, VA, USA) and cultured as reported before. 17, 39, 40 Immortalized GADD153/CHOPÀ/À, PERKÀ/À, ATF4À/À, IRE1a/ bÀ/À, XBP1À/À, tet-off-XBP1s, iATF6a, iATF6b mouse embryo fibroblasts were received from laboratories of Dr David Ron (Skirball Institute, NYU School of Medicine, New York, NY, USA) and Dr Laurie H Glimcher (Department of Immunology and Infectious Diseases, Harvard School of Public Health, Boston, MA, USA) and cultured in DMEM supplemented with 10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin and 300 mg/ml L-glutamine. To abrogate XBP1 expression in tet-off-XBP1s MEFs, cells and respective wild-type controls were cultured in medium containing doxycycline (1 mg/ml). Cells were grown until 80% confluence. Before addition of stimuli, cell cultures were washed in phosphate-buffered saline (PBS), maintained in serum-free culture medium supplemented with 0.1% BSA for 3 h and subsequently incubated in the presence or absence of ER-stress inducers IGF-I, estradiol and/or pharmacological inhibitors. Thapsigargin, tunicamycin, Figure 8 IGF-I and ER stress. IGF-I is a powerful factor that protects cells from ER stress-induced apoptosis. The canonical signal transduction pathways normally used by the IGF-IR (MAPK and PI3K pathways) do not mediate this protective effect. IGF-I markedly enhances the adaptive capacity of the ER, which includes a translational repression as well as a transcriptional program that induces expression of multiple genes that increase the protein folding capacity of the ER and that promote degradation of misfolded proteins. During ER stress, IGF-I significantly enhances the activation of ER stress-signalling pathways, including the IRE1a/XBP-1, ATF6 and PERK/eIF2a/ATF4 pathways. The complex effect of IGF-I on the PERK/eIF2a/ATF4 pathway represents the mechanism that reprogrammes the ER from its normal load of secretory proteins to the synthesis of stress proteins, which enhance the entire folding capacity of the ER. IGF-I increases PERK phosphorylation and ATF4 levels, but decreases eIF2a phosphorylation. One of downstream targets of ATF4 is GADD153/CHOP, which induces expression of GADD34, a protein that induces dephosphorylation of eIF2a and restoration of eIF2a activity. During ER stress, this negative feedback mechanism is enhanced by IGF-I in order to promote translation of mRNAs encoding molecular chaperones such as Grp78/BiP, whose expression is also markedly upregulated by IGF-I epoxomicin, U0126, LY294002, wortmannin, SB203580 and SP600125 were dissolved in dimethylsulfoxide, dithiothreitol and Akt inhibitor X in water, and brefeldin A and cycloheximide in methanol. All cultures received the same amount of solvents. After treatment, cells were rinsed in cold PBS and immediately subjected to RNA isolation and protein extraction.
Protein extraction and western blot analysis. Cells were lysed in buffer (pH 7.4) containing 50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1.25% CHAPS, 1 mM sodium orthovanadate, 2 mM sodium fluoride, 10 mM sodium pyrophosphate, 8 mM b-glycerophosphate and Complete Protease Inhibitor Cocktail. Lysed cells were incubated with slight agitation on ice for 30 min. The insoluble material was removed by centrifugation at 10 000 Â g for 10 min at 41C. Nuclear and cytosolic fractions of proteins were obtained by a commercially available nuclear extraction kit (Panomics). Concentrations of cellular proteins were determined by BCA protein assay using bovine albumin as a protein standard. A 10-50-mg weight of cell lysates was resuspended in sample buffer, denatured by boiling at 96 1C, subjected to SDS-PAGE (8-10% acrylamide) and transferred to nitrocellulose membrane. The membrane was sequentially probed with primary and secondary antibodies, incubated with SuperSignal West Pico chemiluminescent substrate and exposed to X-ray films. Equal loading of proteins was confirmed by immunoblotting with antibodies to b-actin.
PCR-based assay for XBP-1 splicing and quantitative real-time RT-PCR. Total RNA was extracted from cells using NucleoSpin RNA II kit. cDNA was prepared from 2 mg of total RNA by reverse transcription using oligo(dT) 18 and Superscript II Reverse Transcriptase (Invitrogen), and PCR reactions were performed using primers flanking the splice site. 23 The PCR product of unspliced XBP-1 was a 480-bp band, whereas its spliced form was a 454-bp band. Triplicate aliquots of the reverse transcription reactions were used as templates for real-time quantitative PCR using QuantiTectt SYBR s Green PCR Master Mix (Qiagen, Valencia, CA, USA) and an ABI PRISM 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA, USA). The PCR product was normalized to b-actin mRNA. Relative quantification of Grp78/BiP mRNA levels was performed by the 2 ÀDDC t method using C t values obtained from the PCR amplification kinetics with the ABI PRISM SDS 2.2.1 software (Applied Biosystems).
Cell death detection ELISA. Colorimetric enzyme-linked immunosorbent assay (Cell Death Detection ELISA PLUS ) for quantitative determination of cytoplasmic histone-associated DNA fragments (mono-and oligonucleosomes) was performed according to the manufacturer's instructions (Roche). The results are expressed as relative enrichment of nucleosomes in the cytoplasm of thapsigargin-and thapsigargin/IGF-I-treated cells compared to untreated controls.
Densitometric analysis. Densitometric analysis was performed using MacBAS V2.52 software.
Statistical analysis. Results are expressed as the mean ± S.E.M. Statistical analysis was performed using Student's t-test in Microsoft Excel.
